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NASA TT F-10,651 

MODELS OF ALLOSTERIC ENZYMES AND THEIR ANALYSIS 
BY THE GRAPH THEORY METHOD 

M. Y. Yol 'kenshteyn and B. N. Gol 'dshteyn 

Using t h e  very  s imple example of a dimer p r o t e i n ,  pos- 
s i b l e  equi l ibr ium coopera t ive  models intended f o r  descr ip-  
t i o n  of t h e  p r o p e r t i e s  of a l l o s t e r i c  enzymes w e r e  considered.  
Together wi th  i n d i r e c t  cooperat ion,  involved i n  t h e  model of 
Monot e t  a l .  [l], t h e  "d i r ec t "  coopera t ion  a r i s i n g  as a re- 
s u l t  of d i r e c t  i n t e r a c t i o n  of active c e n t e r s  w a s  i n v e s t i g a t -  
ed. Computations were made f o r  t h e  in f luence  of an  a l l o -  
steric i n h i b i t o r  and a competi t ive a c t i v a t o r  on t h e  act ivi-  
t y  of an  enzyme. The r e s u l t s  of t h e  computations made by 
t h e  graph theory method proposed i n  an earlier s tudy  are i n  
q u a l i t a t i v e  agreement wi th  t h e  d a t a  of Gerhart  and Pardee 
f o r  a s p a r t a t e  transcarbamylase.  The proposed models are 
descr ibed  by equat ions  conta in ing  fewer cons t an t s  than  t h e  
model of Monod e t  a l .  

The k i n e t i c s  of a l l o s t e r i c  i n h i b i t i o n  and a c t i v a t i o n  of a number of en- /679* 
zymes now have been inves t iga t ed .  The p r i n c i p a l  c h a r a c t e r i s t i c s  of a l l o s t e r i c  
enzymes have been determined as a r e s u l t  of t h e s e  s t u d i e s :  1) a l l o s t e r i c  pro- 
t e i n  c o n t a i n s  two o r  a g r e a t e r  number of active c e n t e r s ;  2) t h e s e  c e n t e r s  are 
equ iva len t  -- t h e  p r o t e i n  t h e r e f o r e  has  a symmetrical qua ternary  s t r u c t u r e  and 
is  a symmetrical oligomer; 3) t h e  k i n e t i c s  of i n t e r a c t i o n  of a p r o t e i n  wi th  a 
s u b s t r a t e  and wi th  a l l o s t e r i c  e f f e c t o r s  i s  coopera t ive ,  which is  manifested i n  
t h e  presence  of a "knee" i n  t h e  curve of t h e  dependence of t h e  rate of r e a c t i o n  

t i o n  of t h e  enzyme by t h e  s u b s t r a t e .  
r e s u l t  of v a r i o u s  in f luences  on a p r o t e i n  molecule.  
t i o n  means a dependence of t h e  i n t e r a c t i o n  i n  a p a r t i c u l a r  active c e n t e r  on t h e  
s t a t u s  of t h e  o t h e r  active c e n t e r s ,  on whether they are occupied (and s p e c i f i -  
c a l l y  by what) o r  f r e e .  

on t h e  concen t r a t ion  of t h e  s u b s t r a t e ,  and accord ingly  i n  t h e  curve of s a tu ra -  L 

This coopera t ion  may be  destroyed as a 
The presence of coopera- 

Hemoglobin i s  a wel l -s tudied example of an  a l l o s t e r i c  p ro te in .  I n  a re- 
c e n t  s tudy  by Monod e t  a l .  [l] they propose a model of a n  a l l o s t e r i c  p r o t e i n  
and i n v e s t i g a t e  i t s  p r o p e r t i e s .  
of n protomers.  Therefore ,  t h e r e  are n equiva len t  a c t i v e  c e n t e r s .  It i s  as- 
sumed t h a t  t h e  oligomer may be i n  two o r  more d i f f e r e n t  states, d i f f e r i n g  i n  
t h e i r  a f f i n i t y  t o  t h e  s u b s t r a t e  and e f f e c t o r s .  
t ive:  
a d i f f e r e n t  a f f i n i t y  and d i f f e r e n t  s ta te  of t h e  p r o t e i n ,  t h e  equi l ibr ium be- 
tween t h e s e  states is d isp laced  as a r e s u l t  of such j o i n i n g  and a second mole- 
c u l e  of t h e  s u b s t r a t e  i n t e r a c t s  w i th  t h e  p r o t e i n ,  a l r eady  changing. Therefore ,  
t h e  j o i n i n g  of t h e  s u b s t r a t e  t o  a p a r t i c u l a r  active c e n t e r  e x e r t s  an  i n f l u e n c e '  

The model i s  a symmetrical oligomer c o n s i s t i n g  

The model t h e r e f o r e  i s  coopera- 
because  t h e  jo in ing  of one molecule of t he  s u b s t r a t e  i s  cha rac t e r i zed  by 

*&mbers i n  t h e  margin i n d i c a t e  pagina t ion  of t h e  o r i g i n a l  f o r e i g n  t e x t .  
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. 
on j o i n i n g  i n  o t h e r  active cen te r s .  Monod and h i s  a s s o c i a t e s  [l] demonstrate  
t h a t  t h e  model l e a d s  t o  r e s u l t s  q u a l i t a t i v e l y  i n  agreement wi th  t h e  r e s u l t s  of 
i n v e s t i g a t i o n  of a number of a l l o s t e r i c  enzymes and hemoglobin. 

The s imples t  model, possessing t h e  above-mentioned p r o p e r t i e s ,  is a dimer, 
obviously possessing a second-order a x i s  of symmetry. 
of t h e  two protomers c o n s i s t s  of two i d e n t i c a l  sets of f u n c t i o n a l  groups ( t o  
u s e  Monod's terminology [l], t h i s  is an i s o l o g i c  dimer).  We w i l l  assume, going 
along wi th  the  mentioned au tho r s ,  t h a t  the p r o t e i n  may be i n  two states: R and 
T. 

To0, T10 = TO1, Tll (two active c e n t e r s ,  0 -- a f r e e  c e n t e r  and 1 -- a c e n t e r  

occupied by a molecule of t h e  s u b s t r a t e  S ) .  

The reg ion  of i n t e r a c t i o n  

Each of them has t h r e e  s u b s t a t e s :  Roo, R10 = RO1, Rll, and accord ingly ,  

The equi l ibr ium cond i t ions  are: 

The t o t a l  q u a n t i t y  of enzyme is  

/680 

Here KR and KT are t h e  d i s s o c i a t i o n  cons t an t s  i n  t h e  states R and T ,  and L i s  

t h e  equ i l ib r ium cons tan t  f o r  t h e  t r a n s i t i o n  Roo tf Too. 

d i s s o c i a t i o n  cons t an t  i s  t h e  same i n  R1O and Rll (and, accord ingly ,  i n  T1O and 

T 1 1 ) .  

It is  assumed t h a t  t h e  

The s a t u r a t i o n  func t ion  by t h e  s u b s t r a t e  i s  

- 
where c = KR/KT. 

S 
KR+S 

t h e  e q u i l i b r i u m  cond i t ions ,  has  t h e  form 

When c = 1, o r  when L +. 0, cooperat ion d i sappea r s ;  Y = 

Q is  t h e  denominator of ( 3 ) .  

The corresponding express ion  f o r  the rate of t h e  r e a c t i o n ,  ob ta ined  from 
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where k4 is  t h e  rate cons tan t  f o r  t h e  states R10 = R01 and Rll, a n d g k q  f o r  t h e  

states T10 = T o 1  and T11. 

It is  p o s s i b l e  t o  cons ider  a model a l t e r n a t i v e  t o  t h e  Monod model [l], n o t  
assuming t h e  ex i s t ence  of several s ta tes  R, T. . . ,  b u t  on ly  one s ta te  F wi th  in-  
t e r n a l  cooperat ion.  

en t  f o r  F10 = FO1 and Fll, i n  o the r  words, t h e  j o i n i n g  of one molecule S e x e r t s  

a d i r e c t  i n f luence  on t h e  i n t e r a c t i o n  of a second molecule S wi th  p r o t e i n .  
Such a model has  a graphic  phys i ca l  sense -- t h e  j o i n i n g  of S changes t h e  qua- 
t e r n a r y  and poss ib ly  t h e  t e r t i a r y  and secondary s t r u c t u r e  of t h e  p ro te in .  Ob- 
v ious ly ,  w e  r e f e r  h e r e  t o  cooperat ion of a d i f f e r e n t  type ,  which w e  w i l l  c a l l  
d i r e c t  coopera t ion ,  i n  c o n t r a s t  t o  i n d i r e c t  coopera t ion ,  i n v e s t i g a t e d  by Monod 
e t  a l .  [I] (see [ 2 ] ) .  

Constants  of t h e  type KR and k4 are assumed t o  be d i f f e r -  

An earlier s tudy  [3] considered a corresponding example -- a symmetrical 
dimer w i t h  d i r e c t  cooperat ion.  I n  t h i s  case t h e  s a t u r a t i o n  func t ion  has  t h e  
form 

- 
and t h e  ra te  

-where k2, K 1 ,  K2 have t h e  same sense  as i n  131, bt = k4/k2. Expressions (5) and/681 

(6) have a s impler  form than  ( 3 )  and (4) r e s p e c t i v e l y  and con ta in  one less con- 
stant. A t  t h e  same t i m e ,  they l ead  t o  similar q u a l i t a t i v e  r e s u l t s .  The quan- 

semi-sa tura t ion ,  t h a t  i s ,  when y = 0.5, i n  accordance wi th  formula (31, i s  
i i i a i i v e  ~ e ~ j ~ i t s ,  io ;e sure, d i f f ~ ~ .  For  C X Z E ~ ~ C ,  the  V ~ X P  S iz the C ~ C E  ~f 

accord ing  t o  formula (5), 
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where rl = K2/K1. 

Computation of t h e  equi l ibr ium model ob ta ined  by Monod e t  a l .  can be  done 
e a s i l y  by t h e  graph theory  method [ 3 ] .  
molecule of t h e  enzyme of states e x i s t i n g  i n  equ i l ib r ium i n  p a i r s ,  and thus  des- 
c r i b e s  a s p e c i a l  case of a s t a t i o n a r y  enzymatic r e a c t i o n .  

This model assumes t h e  presence  i n  a 

The model of s t a t i o n a r y  enzymatic r e a c t i o n s  r e q u i r e s  de te rmina t ion  of t h e  
equi l ibr ium of each s t a t e  of t h e  enzyme with several o the r  states. Therefore ,  
t he  theory of graphs,  developed f o r  s t a t i o n a r y  processes ,  a l s o  is  a p p l i c a b l e  
f o r  equ i l ib r ium processes .  As an example F igu re  1 shows t h e  graph f o r  a dimer 
equ iva len t  t o  t h e  system of equat ions (1) and g r a p h i c a l l y  r ep resen t ing  t h e  pos- 
s i b l e  t r a n s i t i o n s .  Here b/k3 = KR, a/kl  = KT, and k-/k = L. The arrows anno- 

t a t i n g  P show t h e  release of a product  wi th  t h e  cor- 
responding r a t e  cons t an t  k2 o r  k4. The rate of reac- 

t i o n  (4) can be obta ined  from an a n a l y s i s  of t h e  
graph. Pa i red  equi l ibr ium l eads  t o  t h e  appearance of 
coopera t ive  t r a n s i t i o n s ,  t h a t  i s ,  t r a n s i t i o n s  depen- 
dent  on one another .  Such dependent t r a n s i t i o n s  i n  
Figure  1 are the  t r a n s i t i o n s  Rll f3 Tll and R10 f-f 

T10. They are rep resen ted  by t h e  dashed arrows and 

may be  neglected when computing t h e  graph. 

The state T o r  t h e  state R i n  F igure  1 each can 
Figure  1. Graph f o r  a 
D i m e r .  d i r e c t  cooperat ion [2] i f  i t  i s  taken i n t o  account 

i n  t h e  enzyme d i f f e r e n t l y  from t h e  f i r s t .  Thus, t h e  model of Monod e t  a l . ,  
t ak ing  i n t o  account equi l ibr ium and without t h e  j o i n i n g  of a l i n k  con ta ins  a 
g r e a t e r  number of cons t an t s  and s t a t e s  than a model without  such a d d i t i o n a l  
equi l ibr ium.  

be  considered s e p a r a t e l y  as a model of a dimer wi th  

t h a t  t h e  second molecule of t h e  s u b s t r a t e  i s  sorbed 

Now w e  w i l l  cons ider  a model of a n  a l l o s t e r i c  enzyme, assuming t h a t  t h e  
states of t h e  enzyme change only as a r e s u l t  of t h e  j o i n i n g  of a l i n k .  
p a i r e d  equ i l ib r iums  are taken i n t o  account,  w e  o b t a i n  s imple coopera t ive  models/682 

theo ry  method. 

I f  only 

1.7ich d i - - - +  --d = - d z - - - +  A e - 1 - - - 4 -  - & l l  L- ,,.-I, *Le ----I- 
n r ~ u  UILGLL auu LLLULLCLL L U V ~ S L ~ L L U U .  n u a L y a L a  WLLL u c  uauc u a ~ ~ i s  LLLC 5;IapLi 

A l l o s t e r i c  i n h i b i t i o n .  Now w e  w i l l  cons ider  a model of an  i s o l o g i c  dimer 
w i t h  two e q u i v a l e n t  active c e n t e r s  i n  r e l a t i o n  t o  t h e  s u b s t r a t e  S and two cent-  
ers i n  r e l a t i o n  t o  the  i n h i b i t o r  I. W e  w i l l  assume t h a t  t h e  enzyme can be  i n  
t h r e e  equ i l ib r ium states F, F' and F", where F is  an  enzyme f r e e  of t h e  i n h i b i -  
t o r ,  F' i s  one c e n t e r  occupied by a n  i n h i b i t o r ,  and F" are both  c e n t e r s  occup- 
i e d  by an  i n h i b i t o r .  
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4 I n  each of t h e s e  states a molecule of t h e  enzyme can so rb  one o r  two mole- 
cu le s  of t h e  s u b s t r a t e  on act ive cen te r s .  In  a d d i t i o n ,  w e  t a k e  i n t o  account t h e  
d i r e c t  cooperat ion during t h e  j o i n i n g  of t h e  s u b s t r a t e  i n  a state f r e e  of t h e  
i n h i b i t o r  F. Together wi th  t h e  i n h i b i t o r  i n  one (I?') o r  i n  two (F") c e n t e r s  t h e  

I enzyme l o s e s  d i r e c t  cooperat ion f o r  t h e  j o i n i n g  of t h e  s u b s t r a t e .  

F igure  2 shows t h e  graph f o r  t h i s  model. Here F, Fly and F2 are t h e  con- 

c e n t r a t i o n s  of t h e  enzyme, f r e e  of t h e  i n h i b i t o r ,  accord ingly  without  a sub- 
strate,  wi th  one c e n t e r ,  occupied by t h e  s u b s t r a t e ,  and wi th  two c e n t e r s ,  oc- 
cupied by t h e  s u b s t r a t e .  F ' ,  F'l,  F ' 2  are t h e  same f o r  an  enzyme with one 

F igure  2. Graph f o r  a 
Dimer wi th  Inh ib i t i on .  

c e n t e r ,  occupied by an i n h i b i t o r ,  and F", FIf1, F'I2 -- with  two c e n t e r s ,  occup- 

i e d  by an  i n h i b i t o r .  
b i t o r .  

The dashed l i n e  shows coope ra t ive  j o i n i n g s  of t h e  inh i -  

Now w e  w i l l  compute t h e  rate v of r e a c t i o n ,  u s ing  t h e  graph theory  method 
descr ibed  i n  t h e  earlier paper [3 ] .  W e  have 

Here summation i s  c a r r i e d  out  f o r  a l l  t h e  nodes of t h e  graph. W e  w i l l  
-r s i m p i i f y  c'ne graph us ing  equiiibirium reiaiioiis. 

determinant  Di i t  now is  necessary t o  consider  on ly  one "tree": 
In order  io cuiiipute each Sass 
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-where 

Now t h e  der ived  express ion  w i l l  be  analyzed. 
( equ i l ib r ium i s  d i sp laced  t o  t h e  state F) ,  w e  o b t a i n  t h e  coopera t ive  k i n e t i c s  
(compare [2 ,  31):  

I n  t h e  absence of a n  i n h i b i t o r  /683 

I 1 

'where K' = b/k3, and K = a/kl. When K = K'  and k2 = k4 (absence of coopera- 

t i o n ) ;  t h e  u s u a l  Michaelis-Menten expression is  

- I n  t h e  case of a l a r g e  excess  of t h e  i n h i b i t o r  t h e  equ i l ib r ium is d i sp laced  t o  
t h e  s ta te  F" and cooperat ion d i sappea r s  

The maximum rate i s  
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.If t h e  c a t a l y t i c  a c t i v i t y  of t h e  enzyme i n  t h e  states F2, F t 2 ,  and Ftt2  i s  iden- 
t i ca l ,  k4 = k t 2  = k'4,  

V = 2k4E, m a x  

t h a t  is, is  n o t  dependent on t h e  concent ra t ion  of t h e  i n h i b i t o r .  
s u l t s  were obta ined  by Gerhart  and Pardee f o r  a s p a r t a t e  t ranscarbamylase 
(ATCase ) ,  f o r  which S is  a s p a r t i c  a c i d ,  and I i s  c y t i d i n e  t r i phospha te  [ 4 ] .  
t h e r e  is no d i r e c t  coopera t ion ,  kl = k3, k2 = k4,  and a = b,  wi th  a cons t an t  

concen t r a t ion  of t h e  i n h i b i t o r  w e  o b t a i n  t h e  coopera t ive  k i n e t i c s  as a r e s u l t  
of i n d i r e c t  coopera t ion  

S imi l a r  re- 

I f  

-where t h e  concen t r a t ion  of t h e  i n h i b i t o r  i s  included i n  t h e  cons t an t s .  

I n  t h e  absence of d i r e c t  and i n d i r e c t  coopera t ion ,  t h a t  i s ,  when 

' w e  o b t a i n  t h e  Michaelis-Menten expression . 

~ v = 2 E A  -i----T - -- 

L K+S'- 1 

'The degree  of i n h i b i t i o n  i s  

-1 
V r + B  

where 
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I f  one type  of coopera t ion  remains,  e i t h e r  i n d i r e c t :  

o r  d i r e c t :  

-we o b t a i n  a n  express ion  of t h e  form 

-where K1 and K2 inc lude  t h e  concent ra t ion  of t h e  s u b s t r a t e .  With cond i t ion  

(19) ,  K1 = (akjS)-'(ab + 2bk'S + klk,S2). I n  t h e  case of l a r g e  I 

1 .  i 

Thus, t h e  dependence i ( 1 )  is  represented  by a curve tending t o  s a t u r a t i o n  
when I + a. The va lue  i ( I  + m) decreases  wi th  a n  i n c r e a s e  of S. 

These r e s u l t s  a l s o  are similar q u a l i t a t i v e l y  t o  those  obta ined  by Gerhart  
and Pardee [ 4 ] .  However, t h e  inves t iga t ed  model cannot be  considered adequate  
f o r  t h e  system s t u d i e d  q u a n t i t a t i v e l y  by t h e s e  au tho r s .  ATCase apparent ly  con- 
t a i n s  f o u r ,  r a t h e r  than  two a c t i v e  cen te r s ,  which w i l l  be  taken i n t o  account i n  
subsequent  computations.  With r e s p e c t  t o  allowance f o r  t h e  second s u b s t r a t e  i n  
t h i s  system, i t s  Concentrat ion apparent ly  is  included i n  t h e  corresponding con- 
s t a n t s .  

I n  t h e  considered case both types of coopera t ion  l e a d  t o  equiva len t  re- 
s u l t s .  

E f f e c t  -- of an  a c t i v a t o r .  Now w e  w i l l  cons ider  t h e  a c t i o n  of t h e  e f f e c t o r  
A,  being  a n  analogue of t h e  s u b s t r a t e .  Joining i n  one of t h e  two a c t i v e  cen- 
ters, t h e  e f f e c t o r  e x e r t s  an  in f luence  on t h e  i n t e r a c t i o n  of t h e  protomers,  in -  
c r e a s i n g  t h e  a f f i n i t y  of t h e  unoccupied a c t i v e  c e n t e r  t o  t h e  s u b s t r a t e .  A t  t h e  
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same t i m e ,  i n  occupying t h e  a c t i v e  cen te r s  t h e  e f f e c t o r  decreases  t h e  number of 
c e n t e r s  f r e e  f o r  t h e  s u b s t r a t e .  

Therefore ,  i n  t h e  case of s m a l l  concent ra t ions  t h e  e f f e c t o r  should act  as 
an  a c t i v a t o r ,  and i n  t h e  case of l a r g e  concent ra t ions  as a n ' i n h i b i t o r .  
c a l l  such an  e f f e c t o r  a competi t ive a c t i v a t o r .  

We w i l l  

F igure  3 shows a graph of t h e  corresponding model. The dashed l i n e  shows 
t h e  coopera t ive  j o i n i n g  of an a c t i v a t o r  t o  t h e  s ta te  of an  enzyme, one c e n t e r  
of which is  occupied by t h e  s u b s t r a t e .  

We w i l l  cons ider  t h r e e  states of a n  enzyme 
wi th  d i f f e r e n t  f i l l i n g  of t h e  c e n t e r s  by an  
a c t i v a t o r :  
v a t o r ,  FA -- an  enzyme, one c e n t e r  of which 

is  occupied by an  a c t i v a t o r ,  FAA -- an  en- 

zyme, both c e n t e r s  of which are occupied by 
a compe t i t i ve  a c t i v a t o r  and which t h e r e f o r e  
forms a n  i n a c t i v e  complex. 

F -- an  enzyme f r e e  from an  a c t i -  

n' t t 

These t h r e e  states are i n  pa i red  
equi l ibr ium.  The j o i n i n g  of t h e  s u b s t r a t e  t o  
an  enzyme e x i s t i n g  i n  each of t h e s e  s t a t e s ,  i f  i t  
i s  p o s s i b l e ,  d i s p l a c e s  t h e  equi l ibr ium and i n d i r -  
ect  coopera t ion  thereby i s  manifested.  In  t h e  

F igure  3.  Graph f o r  t h e  
Competit ive Ac t iva t ion  of 
a D i m e r .  

I685 
s t a t e  F - t h e r e  can be  j o i n i n g  of two molecules of t h e  s u b s t r a t e .  
t h a t  i t  occurs  wi th  d i r e c t  cooperat ion.  

We w i l l  assume 
The n o t a t i o n s  are as fol lows:  FO0 is 

t h e  concen t r a t ion  of t h e  f r e e  enzyme; FOS is  t h e  concen t r a t ion  of an  enzyme 

b inding  one molecule S;  FSS is t h e  concent ra t ion  of an  enzyme binding two mole- 

c u l e s  S i n  two active c e n t e r s ;  FOA i s  the  concen t r a t ion  of an  enzyme binding 

one molecule  A, FAA -- binding two molecules A; and FAS -- one c e n t e r  j o i n s  S 
and t h e  o t h e r  A. 

It is  n o t  d i f f i c u l t  t o  f i n d  t h e  base  determinants  DO0, DOS, DOA, DAA, and 

W e  w i l l  assume as a s i m p l i f i c a t i o n  t h a t  coopera t ion  is  as soc ia t ed  only DAS. 
w i t h  t h e  d i f f e r e n c e  of a f f i n i t y  of t h e  enzyme t o  t h e  s u b s t r a t e  i n  d i f f e r e n t  
states w i t h  an  i d e n t i c a l  c a t a l y t i c  a c t i v i t y ,  t h a t  is, t h e  product is  r e l eased  
f r o m  a l l  t h e  states wi th  t h e  i d e n t i c a l  rate cons tan t  k2. 
r e a c t i o n  is : 

Then t h e  rate of 

W e  w i l l  cons ider  t h e  fol lowing four  cases: 
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1) k3 = k f 3  and b = b '  -- both cooperat ion mechanisms are present  f o r  

t h e  s u b s t r a t e ;  

2) 
strate; 

kl = k3 and a = b -- only i n d i r e c t  coopera t ion  is p resen t  f o r  t h e  sub- 

3 )  kl = k3 = kI3 and a = b = b '  -- cooperat ion f o r  t h e  s u b s t r a t e  i s  ab- 
s e n t ;  

4)  A = 0 -- only d i r e c t  coopera t ion  is  present .  

I n  t h e  f i r s t  case t h e  r a t e  of t h e  r e a c t i o n  is: 

With l a r g e  A, v + 0, t h a t  is, A ope ra t e s  as an  i n h i b i t o r .  It is  exac t ly  i n  
t h i s  way t h a t  maleate in f luences  ATCase  [4] .  
v(A) passes  through a maximum, s a t i s f y i n g  t h e  cond i t ion  

With an i n c r e a s e  of A t h e  curve  

a dT;i ,- 

o r  

When k3 ,> kl, a 3 b t h e  concent ra t ion  A, corresponding t o  t h e  maximum v ,  

where 

Obviously,  t h e  maximum can be  observed only wi th  s m a l l  S .  
c o n c e n t r a t i o n s  of maleate, ATCase  i s  a c t i v a t e d  [4] .  
t u a l l y  is observed on t h e  curve of t h e  dependence v(A) ,  d i sappear ing  a f t e r  
h e a t i n g  of t h e  enzyme. If t h e  hea t ing  des t roys  coopera t ion ,  t h a t  is ,  i t  i s  
necessary  t o  cons ider  t h e  t h i r d  case, and i f  k = kA and k'  = k'A, (23) becomes 

I n  t h e  case of s m a l l  
I n  t h i s  ca se  a maximum ac- 

(27) 
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t h a t  i s ,  A acts  as an  ord inary  competi t ive i n h i b i t o r .  This once aga in  i s  i n  /686 
q u a l i t a t i v e  agreement wi th  t h e  d a t a  f o r  ATCase  i n  [ 4 ] .  
d i r e c t  coopera t ive  k i n e t i c s  ( fou r th  case ) :  

When A = 0 w e  o b t a i n  

X'S 4- S' 

' If only i n d i r e c t  cooperat ion f o r  t h e  s u b s t r a t e  (second case) is p resen t  w e  ob- 
t a i n  from (23) 

where t h e  cons t an t s  inc lude  t h e  concent ra t ion  of t h e  a c t i v a t o r .  

Thus both  types of coopera t ion  a l s o  l ead  i n  t h i s  case t o  equiva len t  re- 
s u l t s .  

Conclusions 

Using t h e  very  s imple example of a d i m e r  p r o t e i n  w e  considered p o s s i b l e  
equ i l ib r ium coopera t ive  models intended f o r  d e s c r i p t i o n  of t h e  p r o p e r t i e s  of 
a l l o s t e r i c  enzymes. Together wi th  i n d i r e c t  coopera t ion ,  involved i n  t h e  model 
of Monod e t  a l .  [l], w e  i n v e s t i g a t e d  t h e  "d i r ec t "  coopera t ion  a r i s i n g  as a re- 
s u l t  of d i r e c t  i n t e r a c t i o n  of active centers .  computations w e r e  made f o r  t h e  
i n f l u e n c e  of an a l l o s t e r i c  i n h i b i t o r  and a compet i t ive  a c t i v a t o r  on t h e  activ- 
i t y  of a n  enzyme. The r e s u l t s  of t h e  computations made by t h e  graph theory 
method proposed i n  a n  earlier s tudy  are i n  q u a l i t a t i v e  agreement wi th  t h e  d a t a  
of Gerhart  and Pardee f o r  aspartate transcarbamylase.  The proposed models are 
desc r ibed  by equat ions  conta in ing  fewer cons t an t s  t han  t h e  model of Monod e t  a l .  
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